This paper describes the effect of heat aging on thermal and mechanical properties of shape memory alloy. The materials used in this study are Ti-Ni-(6-12 at%)Nb shape memory alloy. The tensile tests at 173 K and the heating-cooling tests under constrained strain condition were carried out using the specimens aged at 561 K for between 20 h and 1000 h in normal water chemistry. The martensite start temperature rapidly decreases in the initial short aging time, but there is little further decrease of the martensite start temperature with aging time more than 100 h. The recovery stress gradually increases with aging time, but on the contrary, the aging time of more than 500 h causes reduction of the recovery stress.
Introduction
In order to develop an SMA joint with the prescribed performance, it is necessary to optimize the manufacturing conditions such as the chemical composition, the processing condition and the heat treatment condition of shape memory alloys, that is, the SMA joint should keep up the prescribed function at the storage temperature and reproduce the prescribed function in the normal usage environment. The effects of the Ti/Ni ratio, the Nb concentration, the heat treatment temperature and the processing rate on the mechanical and functional properties were discussed, and the manufacturing conditions of the SMA joint were clarified. The thermal and mechanical properties such as the pre-strain, the recovery strain, the transformation temperature and the recovery stress were also clarified so as to determine the amount of tube expansion of the joint ring.
The SMA joint rings are normally used in high-temperature water for long-time. In such cases, there is a possibility of the functional property change due to aging. Therefore, in order to maintain the long-term stability of the function of the SMA joint ring and secure the function of the SMA joint ring at lowered environmental temperature, it is necessary to investigate the shape memory property, such as the martensite start temperature and the recovery stress, of the SMA joint ring exposed to high-temperature water for a long term.
In this study, we investigated the thermal and mechanical properties of the joint ring material exposed to high-temperature water for a long term, and clarified the effect of the aging time on the function property of the joint ring material, in order to evaluate the performance and the stability of the joint ring in the usage environment of the actual equipment.
Experimental Procedure
The materials used in this study are Ti-Ni-(6-12 at%)Nb shape memory alloys. The specimen used in this study is the dumbbell shaped specimen with 35 mm gage length, and 0.5 mm thickness. After surface polishing, the specimen was heat-treated at 973 K for 1 h followed by water quenching. The aging treatment of the specimen was processed at 561 K for between 20 h and 1000 h in normal water chemistry using an autoclave. Also the aging treatment was processed at 561 K for between 50 h and 100 h in nitrogen gas atmosphere for comparison.
The rupture stress and the breaking elongation were obtained from the stress-strain relationship of the tensile test at 173 K.
The heating-cooling test under the constrained strain condition was carried out to obtain the transformation temperature and the recovery stress. Figure 1(a) shows a schematic diagram of the experiment to obtain the stressstrain curve in the heating-cooling test under the constrained strain condition. The specimen was loaded to a given prestrain " pr ¼ 12% at the isothermal temperature of T c ¼ 173 K, and unloaded (O-A-B). And then, the specimen was heated and cooled under the constrained strain condition (B-C-B 0 ). From the stress-strain curve and the stress-temperature relation during heating-cooling process shown in Fig. 1(b) , the recovery stress R and the martensite start temperature M s 0 after the pre-strain loading and unloading were obtained, respectively.
Experimental Results and Discussion

Effect of aging on alloy composition
Figures 2 and 3 show the SEM observations of the Ti-Ni6Nb alloy and Ti-Ni-12Nb alloy specimens before aging, respectively. There were three kinds of phases, A, B and C, in each sample, as shown in Figs. 2 and 3 .
The aged specimens of Ti-Ni-6Nb and Ti-Ni-12Nb alloys were observed by SEM as shown in Figs. 4 and 5, respectively. It was found that the B phases condensed and the grain size of them increased with increasing aging time. The pits that the C phase fell off due to polishing also increased with increasing aging time. It suggests that the Table 1 shows the results of the chemical composition analyses by EPMA. These results indicate that the A phases are Ti-Ni matrix, the B phases Nb-rich phase, and the C phases Ti-rich phase. It should also be noted that the composition of the matrix vary with aging time. Figure 6 shows the variation of the Ni/Ti ratio with aging time. The Ni/Ti ratios in Ti-Ni-6Nb and Ti-Ni-12Nb alloys increased during short aging time, but there were small amount of increases of the Ni/Ti ratios in both alloys with aging times of more than 200 h and 50 h, respectively. According to the study on the effect of the heat-treatment on Ti-43.8Ni-8.9Nb alloy by Zheng et al., the aging treatment at between 573 K and 773 K following the heat-treatment at 1173 K decreases the transformation start temperature, because the Ni/Ti ratio increases with aging time.
1) Therefore, it is supposed that the transformation start temperatures of the alloys aged at 561 K in this study also decrease with increasing aging time in the same way as the findings by Zheng et al.
The X-ray diffraction analyses were conducted to identify the B phase i.e. Nb-rich phase and the C phase i.e. Ti-rich phase. Figure 7 shows the X-ray diffraction patterns of three kinds of Ti-Ni-6Nb alloys, which were not aged, aged for 200 h and aged for 500 h. The X-ray diffraction patterns of the precipitated phases to be expected in this alloy were also shown in the lower part of Fig. 7 , where lattice constants were set at the data shown below. From these results, it is supposed that the B phase and the C phase are the -Nb-rich phase of bcc lattice and the (Ti, Nb) 2 Ni phase of Ti 2 Ni structure type, respectively.
Zheng et al. 5) reported that in Ti-47Ni-9Nb alloy aged at 1123 K for 30 min., there were three kinds of phases i.e. matrix, -Nb, and (Ti, Nb) 2 Ni as in the case of the alloy used in this study, and the (Ti, Nb) 2 Ni phase was very hard and the hardness of the (Ti, Nb) 2 Ni phase (about 520 Hv) was approximately twice that of the matrix (about 250 Hv).
Effect of aging on mechanical and functional properties 3.2.1 Rupture stress and breaking elongation
As shown in the preceding chapter, the (Ti, Nb) 2 Ni phase, a precipitated phase, was formed with increasing aging time. There were a small increase of the (Ti, Nb) 2 Ni phase with aging time of more than between 10 h and 100 h, as expected from the variation of the Ni/Ti ratio with aging time. Moreover, there was coarsening of the (Ti, Nb) 2 Ni phase because of the condensation of the Nb-rich phase. Therefore, the rupture stress of the alloys presumably decreases during short aging time, and then maintains a substantially constant strength. Effect of Heat Aging on Thermal and Mechanical Properties of Ti-Ni-Nb Shape Memory Alloy 441 Figure 8 shows the variation of the rupture stress with aging time at 561 K in normal water chemistry and Nitrogen gas atmosphere. The aging time up to 200 h reduced the rupture stress in response to the variation of the precipitate with aging time, but the further increase of the aging time hardly decreased the rupture stress. Also, regardless of the Nb concentration, the rupture stress of the alloys aged for a longtime was about 900 MPa.
The variation of the breaking elongation with aging time at 561 K in normal water chemistry and Nitrogen gas atmosphere is shown in the Fig. 9 . The breaking elongation decreased with increasing aging time, but the aging time of more than 200 h gave little further reduction of the breaking elongation as shown in Fig. 8 in the same way as the variation of the rupture stress with aging time.
Transformation temperature
There is no variation of the transformation temperature due to the aging treatment above the temperature of approximately 873 K where the precipitate is formed. However, the aging treatment below this temperature gives a significant variation to the transformation temperature. There are two possible causes of the variation of the transformation temperature due to the aging treatment. Because the formation of the precipitate prevents the occurrence of strain at the transformation, the stress field occurs. This stress field has the suppression effect on the transformation. Therefore, more driving force i.e. supercooling is needed to transform, and consequently the transform temperature decreases. Another cause is stated below. The Ni concentration in the Ti-Ni phase matrix varies due to the development of the formation and growth of the precipitate. As a result, the transformation temperature increases with decreasing Ni concentration, and on the contrary the increase of the Ni concentration reduces the transformation temperature. 
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T. Yamamoto, T. Sakuma, K. Uchida, Y. Sutou and K. Yamauchi Figure 10 shows the variation of the martensite start temperature with aging time at 561 K in normal water chemistry and nitrogen gas atmosphere. Regardless of the Nb concentration, the martensite start temperature rapidly decreased with increasing aging time, but there were little further decrease of the martensite start temperature with aging time of more than 100 h. The cause of the decrease of the martensite start temperature due to the aging treatment is the increase of the Ni concentration in the Ti-Ni matrix by the formation and growth of the Ti-rich phase.
Recovery stress
Shape recovery force is affected by cold worked ratio, and increases with increasing processing rate. Formation of precipitate also affects recovery force in a material after solution treatment like the alloys used in this study. Shape recovery stress increases due to an increase of a critical stress for slipping by a formation of micro-precipitates. However, the coarsening due to over-heating decreases critical stress for slipping.
The variation of the recovery stress with aging time is shown in Fig. 11 . The aging time of up to 500 h gradually increased the recovery stress, but on the other hand the further increase of the aging time decreased the recovery stress.
As shown in Section 3.1, the precipitates of the Ti-rich phase were formed due to the aging treatment and slightly increased with increasing aging time. However, the coarsening due to the condensing of the Nb-rich phases proceeded with increasing aging time. The variation of the recovery stress with aging time corresponded to the formation, growth and coarsening of the precipitate due to the aging treatment.
Conclusions
In order to maintain the long-term stability of the function of the SMA joint ring and secure the function of the SMA joint ring at lowered environmental temperature, it is necessary to investigate the martensite start temperature and the recovery stress of the SMA joint ring exposed to high-temperature water for a long term. In this study, we investigated the thermal and mechanical properties of the joint ring material exposed to high-temperature water for a long term, and clarified the effect of the aging time on the function property of the joint ring material. The results obtained are summarized as the followings,
(1) The aging time of up to 200 h reduces the rupture stress and breaking elongation with increasing aging time, but the further increase of the aging time hardly decreases the rupture stress and breaking elongation. (2) The martensite start temperature decreases with increasing aging time due to the increase of the Ni/Ti ratio in the Ti-Ni matrix by the formation and growth of the Ti-rich phase. Also, the variation of the martensite start temperature with aging time corresponds to the variation of the Ni/Ti ratio with aging time, and the martensite start temperature rapidly decreases with increasing aging time of up to 100 h, but there is little further decrease of the martensite start temperature with aging time of more than 100 h. (3) With increasing aging time, the recovery stress increases due to the formation and growth of the precipitates, and so gradually decreases due to the coarsening of crystal grains
